A new Cu 2+ complex that was isolated from the initial use of 5-((pyridin-4-ylmethylene)amino)isophthalic ). This network consists of pillared kgm-a layers containing a hexagonal shaped cavity with a relatively large diameter of ∼8-9 Å surrounded by six trigonal shaped ones with a smaller diameter of ∼4-5 Å and thus resembles the structure of HKUST-1. Gas sorption studies revealed that Cu-PEIP exhibits a 1785 m 2 g −1
Introduction
Metal-organic frameworks (MOFs) have attracted tremendous interest in the last decade due to their unique structural features 1 and potential applications in gas storage, separation, 2, 3 magnetism, 4 catalysis, 5 sensing 6 and so on. The key factor for the discovery of MOFs with novel structural features and potentially interesting physical properties is the development of new synthetic strategies. Appropriate organic ligands are very important in this context, since even small changes in the flexibility, length, or symmetry of the ligands can result in a remarkable diversity of architectures and functions. 7, 8 Although several elements of rational design have been introduced in MOF chemistry, 9 exploratory synthetic methods are still a fruitful source of novel materials with interesting properties. 10 An apparent strategy toward new MOFs with interesting properties consists of the use of N-and O-donor polytopic organic ligands. 8a Specifically, pyridyl-carboxylates have been confirmed as excellent ligands to assemble multidimensional coordination polymers due to the ability of the N donor atoms to bind most of the metal ions and the high bridging capability of the carboxylate groups. As a result, the carboxylate ligands can bridge several metal ions to form stable oligonuclear or polynuclear secondary building units (SBUs) which are linked through carboxylate or pyridyl N groups to afford multidimensional coordination polymers. 8a,11 One type of pyridyl polycarboxylate linkers that have attracted significant attention are the tritopic ones consisting of pyridyl and isophthalic acid moieties (for some examples see Scheme 1 in the ESI ‡).
12-14
When ligands possessing the isophthalic acid moiety are employed in Cu 2+ chemistry, they often afford structures which are similar to that of HKUST-1 with a tbo topology. 15 These structures either contain a layer with the kgm-a (augmented kagomé) or the sql-a (augmented square lattice) topology that are present in HKUST-1 or display an overall tbo topology, 12d,e,16 since the latter (tbo) can be regarded either as a pillared kgm or † Dedicated to Professor Mercouri G. Kanatzidis on the occasion of his 60th
birthday.
‡ Electronic supplementary information (ESI) available: Structural figures, PXRD,
IR, TGA and additional gas-sorption data. CCDC 1492970. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/c6qi00273k pillared sql network. Thus, such ligands clearly have the potential to lead in materials resembling the structure and possibly the sorption properties of HKUST-1 and for this reason they have attracted intense interest. [12] [13] [14] 16 MOFs with the tbo topology are highly desirable for gas sorption applications since: (a) interpenetration is not allowed and therefore high surface areas are often obtained, (b) a relatively high density of open metal sites is created, leading to high gas uptake and (c) the structure contains additional strongly interacting sites (pockets and windows) that increase the overall gas uptake. 16a We are interested in the use of Schiff base ligands containing the isophthalic acid group for the construction of new functional MOFs. In fact we have reported a series of MOFs based on the CIPH 3 ligand (CIPH 3 = 5-(4-carboxybenzylideneamino)isophthalic acid) with interesting single-crystal-to-singlecrystal (SCSC) transformation and sorption properties. 9c,17 This ligand is more elongated than other commonly used tricarboxylic acids (such as trimesic acid) and possesses the semi-rigid CvN moiety that introduces into the isolated compounds some but not unlimited flexibility. For all these reasons CIPH 3 was proven capable to afford MOFs with interesting properties. As an extension of this work we employed in MOF chemistry the ligand 5-((pyridin-4-ylmethylene)amino) isophthalic acid (PEIPH 2 ) (Scheme 1 in the ESI ‡) that is similar to CIPH 3 but contains a pyridyl group in place of the benzoic acid moiety. This ligand carries all the advantages of the other pyridyl-isophthalic acid linkers mentioned above and displays unpredictable behavior when it is involved in reactions with metal ion sources. This arises from the fact that both PEIPH 2 and its constituent moieties are present in the solution containing the ligand and thus it is possible for them to appear in the resulting compounds giving rise to a variety of new products. Surprisingly the coordination chemistry of PEIPH 2 is actually unexplored with the only known compounds with this ligand being some organotin MOFs. 20, H 5.46, N 12.18, Found: C 47.94, H 5.36, N 12.03 .
Physical measurements
Elemental analysis (C, H, N) was performed by the in-house facilities of the University of Cyprus, Chemistry Department. IR spectra were recorded on KBr pellets in the 4000-400 cm −1 range using a Shimadzu Prestige -21 spectrometer. PXRD patterns were recorded on a Shimazdu 6000 Series X-ray diffractometer (Cu Kα radiation, λ = 1.5418 Å). Thermal stability studies were performed with a Shimadzu TGA 50 thermogravimetric analyzer.
Gas sorption measurements
Low-pressure argon, hydrogen, carbon dioxide and methane adsorption measurements were carried out on an Autosorb 1-MP instrument from Quantachrome equipped with multiple pressure transducers for highly accurate analyses and an oilfree vacuum system. High pressure excess adsorption measurements were conducted manometrically on a PCTPro-2000 instrument (Setaram) with the aid of a regular valve sealed stainless-steel measuring cell. The NIST database was implemented for estimating the compressibility of gases (H 2 , CH 4 , CO 2 ) and helium was used for dead volume calibrations at 273-303 K. In order to avoid potential helium sorption errors, the dead volume at 77 K was calculated through a reference curve obtained by using different volumes of non-adsorbing materials (Pyrex glass). Ultra-high purity grade Ar (99.999%), He (99.999%), H 2 (99.999%), CO 2 (99.999%) and CH 4 (99.9995%) were used for all adsorption measurements. Prior to analysis, as-made Cu-PEIP was soaked in CH 2 Cl 2 at room temperature for three (3) days during which the supernatant solution was replaced six (6) times. The dichloromethane suspended samples were transferred inside the chamber of a supercritical CO 2 dryer (Bal-Tec CPD 030) and CH 2 Cl 2 was exchanged with liquid CO 2 over a period of 5 hours at 8°C. During this period, liquid CO 2 was vented under positive pressure every 5 minutes. The rate of CO 2 venting was always kept below the rate of filling so as to maintain full drying conditions inside the chamber. Following venting, the temperature was raised to 40°C (above the critical temperature of CO 2 ), kept there for 1 hour and then slowly vented over the period of 1 hour. The dried sample was transferred immediately inside a pre-weighted, argon filled 9 mm cell and closed using CellSeal™ provided by Quantachrome to prevent the intrusion of oxygen and atmospheric moisture during transfers and weighing. The cell was then transferred to the outgassing station where the sample was evacuated under dynamic vacuum at room temperature until the outgas rate was less than 2 mTorr min −1 . After evacuation, the sample and cell were re-weighed to obtain the precise mass of the evacuated sample. Finally, the tube was transferred to the analysis port of the gas adsorption instrument. Likewise, for high pressure measurements, the dried sample was transferred sealed to an argon filled glove box (Labstar, MBraun, H 2 O and O 2 <0.5 ppm), and a quantity of approx. 180 mg was inserted into a pre-weighted stainless-steel container. The sample mass was calculated and the container was sealed with a high pressure valve. The whole cell was removed from the glove box and was attached to the high pressure manometric apparatus. All-metal face seals were used. After suitable evacuation of the apparatus the sample was further outgassed overnight at room temperature under high vacuum ( p < 10 −6 mbar). The outgassing procedure was repeated after each high pressure measurement.
Single crystal X-ray crystallography
Single crystal X-ray diffraction data were collected on an Oxford-Diffraction Supernova diffractometer, equipped with a CCD area detector utilizing Cu Kα (λ = 1.5418 Å) radiation. A suitable crystal was mounted on a Hampton cryoloop with Paratone-N oil and transferred to a goniostat where it was cooled for data collection. Empirical absorption corrections (multiscan based on symmetry-related measurements) were applied using CrysAlis RED software. 18 The structure was solved by direct methods using SIR2004 19 and refined on F 2 using full-matrix least-squares with SHELXL97. 20 Software packages used were as follows: CrysAlis CCD for data collection, 18 CrysAlis RED for cell refinement and data reduction, 18 WINGX for geometric calculations, 21 and DIAMOND 22 and X-Seed 23 for molecular graphics. The non-H atoms were treated anisotropically, whereas the aromatic H atoms were placed in calculated, ideal positions and refined as riding on their respective carbon atoms. Electron density contributions from disordered guest molecules were handled using the SQUEEZE procedure from the PLATON software suit. 24 Selected crystal data for Cu-PEIP are summarized in Table 1 . CCDC 1492970 contains the supplementary crystallographic data for this paper.
Results and discussion
Over the last few years, we have been systematically investigating the use of semi-rigid polytopic ligands, such as CIPH 3 as a method for the synthesis of new MOFs. 9c,17 An extension of these investigations included the use of PEIPH 2 , which is similar to CIPH 3 but contains a pyridyl group in the place of the benzoic acid moiety, in MOF chemistry. Compound Cu-PEIP was initially prepared from the reaction of Cu(NO 3 ) 2 ·2.5H 2 O and PEIPH 2 in DMF at 100°C in 70% yield. A similar reaction was performed that contained instead of the pre-formed Schiff base ligand PEIPH 2 its constituent moieties, i.e. 5-NH 2 -mBDCH 2 and 4-pyridinecarboxaldehyde aiming at the in situ formation of the ligand and the isolation of the final product through a one-pot reaction (by omitting the ligand preparation step). This was realized from the reaction of Cu(NO 3 ) 2 ·2.5H 2 O, 5-NH 2 -mBDCH 2 and 4-pyridinecarboxaldehyde in DMF at 100°C in 65% yield. Interestingly, Cu-PEIP was isolated as excellent quality green polyhedral-like crystals in very high yields with both synthetic methods. When the structure of the compound Cu-PEIP was known the synthesis of an analogous complex was targeted and achieved by following a rational synthetic procedure. This procedure involved the use in the reaction mixture of the reduced analogue of PEIPH 2 , i.e. ligand PIPH 2 that remains intact in solution, and 5-NH 2 -mBDCH 2 . Thus, compound Cu-PIP was prepared from the reaction of Cu(NO 3 ) 2 ·2.5H 2 O, PIPH 2 and 5-NH 2 -mBDCH 2 in DMF at 100°C in 46% yield. The identity and purity of the bulk products of Cu-PEIP and Cu-PIP and their structural relation were confirmed by PXRD, elemental analysis and infrared spectroscopy (Fig. S1 -S4 in the ESI ‡).
Compound Cu-PEIP crystallizes in the monoclinic space group I2/m. There are two crystallographically unique Cu 2+ ions in the structure (Cu1 and Cu2), both adopting a square pyramidal coordination geometry (Fig. 1) The kgm-a layers are pillared through the pyridyl groups of the PEIP 2− ligands giving rise to hexagonal channels running parallel to the a axis ( Fig. 2c and d separated by the pending pyridyl groups of the pyridyl-isophthalate ligands. In both tbo and eea nets, all six bridging ligands around each hexagonal cavity serve as pillars to both sides of the layer while in Cu-PEIP only four PEIP 2− ligands serve as pillars since two out of the six bridges around the hexagonal cavities are 5-NH 2 -mBDC 2− ligands which cannot connect neighboring kgm-a layers.
The thermal stability of Cu-PEIP and Cu-PIP was investigated by means of the thermogravimetric analysis (TGA) technique ( Fig. S9 and S10 in the ESI ‡). The TGA curves for the two complexes are essentially identical and thus only that of Cu-PEIP shall be discussed in detail. The TGA curve of Cu-PEIP indicates that this compound is decomposed through a multistep process which is completed at a fairly low temperature (∼400°C). The first two steps that are related to the removal of the lattice and bound DMF solvent molecules appear in the temperature range 30°C to 260°C and correspond to ∼40% of the material's total mass. This value is in agreement with the corresponding calculated value for Cu-PEIP·7DMF (∼39.2%). The next steps are associated with the decomposition of the two bridging ligands PEIP 2− and 5-NH 2 -mBDC 2− and are completed at ∼400°C. The relatively large solvent accessible volume present in Cu-PEIP prompted us to investigate its gas sorption properties. Several activation methods were employed, however the most efficient one involved the use of dichloromethane to remove the guest solvent molecules followed by treatment with supercritical CO 2 . Argon sorption measurements at 87 K revealed a type-I isotherm (Fig. 4) , typical for a microporous solid, from which the apparent BET area was found to be 1785 m 2 g −1
(Langmuir, 1814 m 2 g −1 ), close to the geometric surface area (2059 m 2 g −1 ) calculated from the single crystal structure using
Poreblazer. 26 The total pore volume is 0.64 cm 3 g −1 at relative pressure, p/p o , 0.99, which is slightly lower compared to the value of 0.75 cm 3 g −1 calculated 26 from the crystal structure.
Given that the PXRD pattern of the activated sample suggests an intact framework, the difference in the pore volume could be explained by trapped organic molecules inside the pores of Cu-PEIP. The pore size distribution, calculated using Non- Local Density Functional Theory (NLDFT) after a successful fitting of the Ar adsorption isotherm data using a suitable NLDFT kernel (Fig. S11 in the ESI ‡), shows two major peaks centered at 6 Å and 9 Å (inset in Fig. 4 ), in agreement with the crystallographic analysis. The high porosity of Cu-PEIP in combination with the presence of unsaturated Cu(II) sites and -NH 2 groups, prompted us to further investigate the gas sorption properties by recording low and high pressure isotherms of CO 2 , CH 4 and H 2 at different temperatures from which the total uptake, isosteric heat of adsorption (Q st ) and CO 2 /CH 4 , selectivity were calculated. We note that amine functionalized MOFs are highly desirable, especially for CO 2 capture, because high uptake and selectivity are expected due to favorable acid-base interactions. 27 The CO 2 uptake at 1 bar is 4.75 mmol g −1 (20.9 From these isotherms, the calculated isosteric heat of adsorption, Q st , at zero coverage using a virial-type equation, was estimated to be 21.2 kJ mol −1 and remained nearly constant as a function of the surface coverage ( Fig. S13 and S14 ‡) . Interestingly, this value is higher compared to HKUST-1 (17 kJ mol −1 ) and among the highest reported for MOFs (Table S1 ‡ (Fig. S15 ‡) . 40 The calculated Q st at zero coverage is 8.74 kJ mol −1 (Fig. S16 and S17 ‡), which is significantly higher than some well-known and high performance MOFs 41 including MOF-5 and MOF-177 (4.4 kJ mol −1 ). 40 High pressure H 2 measurements, revealed an uptake of 614 cm 3 g −1 (5.5 wt%) which is lower than the ultrahigh surface area MOFs such as MOF-210 and NU-100 (Fig. S18 ‡) . However, at 20 bar, due to a high Q st , the uptake is 4.1 wt%, comparable to the best performing MOFs.
Conclusions
Summarizing, a new Cu 2+ MOF is reported that was isolated from the initial use of ligand PEIPH 2 in 3d MOF chemistry. Interestingly, Cu-PEIP displays novel structural features although pyridyl isophthalic acid tritopic ligands have been extensively employed in Cu MOF chemistry due to their ability to afford MOFs that display structural similarity with HKUST-1. The unique structural features of Cu-PEIP arose from the presence in its structure of both PEIPH 2 and 5-NH 2 -mBDCH 2 due to the capability of the tritopic Schiff base ligand to partially decompose in solution and appear in the reaction mixture together with its constituent moieties. After the structure of Cu-PEIP was known the synthesis of an analogous compound was targeted and achieved by employing a rational synthetic procedure. The crystal structure of Cu-PEIP exhibits a 3D-framework that contains large pores (∼9 Å) and solvent accessible volume (∼66.5%). In addition, it displays a unique trinodal underlying network consisting of pillared kgma layers and thus resembles the structure of HKUST-1. 
